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Abstract We use a pulsed nitrogen laser to produce atomic
ions by laser ablation, measuring the relative ion yield for
several elements, including some that have only recently
been proposed for use in cold trapped ion experiments. For
barium, we monitor the ion yield as a function of the num-
ber of applied ablation pulses for different substrates. We
also investigate the ion production as a function of the pulse
energy, and the efficiency of loading an ion trap as a function
of radiofrequency voltage.
Keywords laser ablation · ion trap
1 Introduction
Trapped atomic ions are used in a range of experiments and
applications, including atomic clocks [1], cold chemistry [2],
precision measurements of fundamental physics [3,4], and
quantum information [5]. The long-term goals of these ex-
periments have led to efforts to miniaturize the system to
meet application specifications and scalability [6], and in
some cases aims for cryogenic ion trap systems [7,8]. Ef-
forts using unconventional or multiple ion species put addi-
tional demands on the system. These directions may require
different methods for initial loading of the ion trap.
The standard method for loading an ion trap consists of
producing a flux of neutral atoms, and then ionizing these
atoms within the trapping volume. A neutral flux of atoms
is commonly produced by resistively heating a sample, and
these atoms are then ionized at the trap using either elec-
tron bombardment [9] or photoionization [10,11,12,13,14,
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15,16,17,18,19]. While electron bombardment is applica-
ble to any atomic species, it can reduce the lifetime of the
trapped ions by contaminating the vacuum, and the accumu-
lation of charge on insulators can result in additional micro-
motion or even destabilize the trap. Although photoioniza-
tion can avoid the issues related to electron bombardment,
there can be significant overhead associated with the ad-
ditional lasers, which can become substantial when work-
ing with multiple elements, atoms requiring unconventional
wavelengths, or multiply-charged ions. Finally, producing
neutral atom flux with a standard resistively-heated source
can be difficult when working with elements that aggres-
sively react in air [20,21], refractory elements that require
high temperatures, or where miniaturization or cryogenic
designs may prohibit the use of these sources. Given the
limitations of standard loading procedures, other methods
for loading ion traps are being actively pursued [22,23].
Laser ablation of a sample offers an alternative method
for loading ion traps. In general, a laser pulse with suffi-
cient peak fluence incident on a sample can vaporize a frac-
tion of the material, producing atoms, ions, molecules, and
clusters [24,25]. Thus, for ion trap experiments ablation can
be used as a source of neutral atom flux [26,27], or can di-
rectly produce ions [28,29,30,31,32,33,34,35,36], includ-
ing multiply-charged species [37,38]. In reference [36], Zim-
mermann et al. demonstrated the use of a compact nitrogen
laser for producing ions by laser ablation, including some
multiply-charged species. Here we use a similar setup to
measure the ion yield from several elements, including lan-
thanum, erbium, and dysprosium, which have only recently
been proposed for use in cold trapped ion experiments [39,
40]. We then focus on barium ion production, investigating
the ion yield for different samples as a function of the num-
ber of ablation pulses applied, the ion yield as a function of
the pulse energy, and the efficiency of loading an ion trap as
a function of radiofrequency voltage.
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Fig. 1 Experimental TOF mass spectrometer setup (top view,
schematic, not to scale). Pulses from the nitrogen laser are focused onto
the sample in the vacuum chamber. A fraction of the pulse is directed to
a photodiode to trigger the scope. (Not shown: a red diode laser beam
is incident on the other port of the beam sampler, and is used for align-
ing the nitrogen laser pulses on the sample.) BS is beam sampler; PD is
photodiode; L1 is 1-inch diameter, f =−100 mm plano-concave lens;
L2 is 2-inch diameter, f = 100 mm plano-convex lens; M1 is mirror
in a piezo-actuated mount. The distance between L1 and L2 is about
16 cm; the path length from L2 to the sample is about 15 cm. The
sample is typically held at about 805 V, the first grid at about 730 V,
and the second and third grids at ground. S is sample plate; G1 is first
grid; G2 is second grid; G3 is third grid; CEM is channeltron electron
multiplier; A is amplifier. Distances are given in cm.
2 Ion Production in a TOF Mass Spectrometer
Ions are produced by laser ablation of a sample with pulses
from a commercial nitrogen laser (Stanford Research Sys-
tems, NL100). The pulses from this laser are specified by
the manufacturer to have a wavelength of about 337 nm,
maximum energy of about 170 µJ, duration of about 3.5
ns, and repetition rates up to 20 Hz. To increase the laser
fluence for ablation, the pulses are focused onto the sam-
ple using a pair of lenses (L1 and L2), as shown in Fig. 1.
We measure the resulting spot size by attenuating the pulses,
temporarily removing the mirror (M1), and placing a camera
(Point Grey, FL3-U3-13S2M-CS) at the laser focus. Pulsing
the laser near its maximum repetition rate allows us to im-
age and measure the spot size, resulting in elliptical beam
waists of approximately 280 µm and 50 µm [41]. When
incident on the ablation target, we estimate the focal point
to be within 1 mm of the sample, optimized by adjusting
the position of the lenses to maximize the ion yield. A beam
sampler (BS) directs a fraction of each pulse to a photodiode
(PD) to trigger the oscilloscope for data acquisition. A mir-
ror (M1) in a piezo-actuated mount (Newport, AG-M100N)
can be used to sweep the pulses in each run through a loca-
tion grid on the sample, but in practice this was found to be
unnecessary for most samples. In all cases, pulses are inci-
dent approximately normal to the sample.
We analyze the ions produced by ablation using a cus-
tom time-of-flight (TOF) mass spectrometer based on the
Wiley-McLaren design [42], as shown in Fig. 1. The sam-
ple (target) is mounted between two stainless steel blocks,
which are mechanically and electrically attached to a stain-
less steel plate (S) held under vacuum at about 10−7 torr
Fig. 2 Example signal acquisition (scan) following laser ablation of
BaO and BaTiO3 targets, each averaged over 25 TOF spectra. Major
peaks are identified based on the time of flight and mass spectrome-
ter grid potentials. Inset: Charge-sensitive amplifier schematic, used to
amplify the signal from the CEM. An AD8033 op-amp is used here,
and feedback resistor (Rf = 10 kΩ ) and capacitor (Cf = 30 pF) values
result in a signal decay time of about 0.3 µs.
(pressure limited by chamber design and vacuum prepara-
tion, not the ablation process). This sample plate is held at
about 805 V, and the subsequent grid (G1) is held at about
730 V, directing ions produced at the sample toward the re-
mainder of the mass spectrometer. The second grid (G2)
is held at ground, and the potential difference between G1
and G2 provides most of the acceleration of the ions. After
passing through G2, ions travel through a nominally electric
field-free drift region for mass separation, before reaching
the third grid (G3), which is also held at ground [43]. After
passing through G3, the ions are detected by a channeltron
electron multiplier (CEM; Photonis, Magnum 5900), which
has a large negative potential applied to it (-2000 V).
The signal from the CEM is amplified by a basic charge-
sensitive amplifier, shown in the inset of Fig. 2. The com-
ponents in the circuit are chosen to provide good signal-to-
noise, while keeping the decay time of the signal short com-
pared to the expected flight time between ions with differ-
ent charge-to-mass ratios. Data for BaO and BaTiO3 targets,
each averaged over 25 TOF spectra (25 ablation pulses), is
shown in Fig. 2 with major peaks identified.
The relative ion yield is determined for several elements,
as shown in Table 1, where the values given are with re-
spect to the the largest ion yield (Ca); for reference, the Ca
TOF peak reaches about 6.9 V on the oscilloscope. For each
element, the data from four scans is analyzed, where each
scan is an average of 25 TOF spectra. We take the average
peak height consistent with the charge-to-mass ratio of the
investigated ion as the ion yield [44]. In each case, approxi-
mately 100 ablation pulses are applied to the sample before
the four scans that constitute the data analyzed. (It is found
that the first several pulses yield additional ablation products
not seen in later scans, and that subsequent TOF spectra are
more consistent. For some elements, peaks consistent with
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Table 1 Relative yield of each ion by laser ablation, with respect to
the largest yield (Ca). Note that the yield presented for Ba is with a
BaTiO3 target, whereas all the others are for a pure element target. Ion
yield is determined by the height of the peak detected in the TOF mass
spectrometer consistent with the charge-to-mass ratio of the species
analyzed. For each ion listed, four scans were analyzed, where each
scan is the average of 25 TOF spectra (25 ablation pulses), and the
value in parentheses is the standard deviation of the four scans.
Ion Relative Yield
Ca 1. (0.02)
Ba 0.37 (0.01)
Dy 0.56 (0.02)
Er 0.46 (0.01)
La 0.48 (0.03)
Lu 0.52 (0.03)
Yb 0.51 (0.01)
atomic and molecular nitrogen, oxygen, etc., remain in sub-
sequent TOF spectra.) Note that the yield presented in Ta-
ble 1 for barium (Ba) is with a BaTiO3 target, as discussed
below, whereas all the others are for a pure (≥ 99%) element
target. Additionally, while the scans for barium, dysprosium,
erbium, lanthanum, and lutetium show minor peaks consis-
tent with doubly-ionized atoms, these signals are not unam-
biguously identified due to the resolution of our spectrome-
ter, so only singly-ionized yields are tabulated.
We verify that the ion yield for each element remains
roughly constant for application of at least 500 ablation pulses
focused onto a single location on the sample. The exception
to this is elemental barium, exposed to atmosphere for about
30 minutes. As shown in Fig. 3, the ion yield for this target
quickly decreases, even when the ablation pulses are swept
across a 5x5 location grid in each scan. The unreliability of
the elemental barium target led us to investigate alternative
ablation targets, BaO and BaTiO3. Both of these targets pro-
duce a roughly constant yield of Ba+ for at least 2000 abla-
tion pulses at a single location on the sample (Fig. 3). Here,
the BaO is a sample of pure (≥ 99%) Ba exposed to atmo-
sphere for more than a year. The ability to produce ions from
an oxidized target may be particularly useful for samples
that react aggressively in air, such as barium, since it is also
more difficult to construct conventional atomic sources [20,
21].
The ion yield as a function of the incident pulse energy
is determined for the BaO and BaTiO3 targets, as shown in
Fig. 4. At each pulse energy, 3 to 7 scans are recorded, where
each scan consists of an average of 25 TOF spectra (25 ab-
lation pulses), and the average peak height is used to de-
termine the relative ion yield. The pulse energy is adjusted
by adding attenuation. Using a pyroelectric energy sensor
(Thorlabs, ES111C), we measure the reflectivity of M1 and
the transmission of the vacuum viewport, and the pulse en-
ergy prior to M1 at each attenuation level, and thus deter-
mine the pulse energy for each attenuation level at the sam-
ple. Both samples exhibit a threshold for efficient barium ion
Fig. 3 Barium ion yield versus pulse number. The Ba+ yield is roughly
constant over at least 2000 ablation pulses on a single location for
both BaO and BaTiO3 targets, with the BaTiO3 target yield consis-
tently higher. Conversely, the Ba+ yield from the Ba target (≥ 99%
pure barium, exposed to atmosphere for approximately 30 minutes)
quickly decreases as a function of ablation pulse number. In this case,
the data for Ba was obtained by sweeping the ablation laser position
across a 5x5 location grid on the sample; due to the rapid decrease in
ion yield, we could not obtain a satisfactory average of 25 TOF spectra
at a single location.
Fig. 4 Barium ion yield versus pulse energy. Attenuation is added to
adjust the incident pulse energy; at each pulse energy, the energies of
40 pulses are measured, and error bars represent the standard deviation
of these pulse energies. Between 3 to 7 scans are recorded at each pulse
energy to determine the average relative ion yield, where a scan con-
sists of an average of 25 TOF spectra; error bars represent the standard
deviation of the relative ion yield in these scans. Both samples indicate
a threshold of about 42 µJ for efficient barium ion production; for an
elliptical beam with 280 µm and 50 µm waists, this corresponds to a
peak fluence of approximately 0.2 J/cm2.
production near 42 µJ, or a peak fluence of approximately
0.2 J/cm2. We conclude the ablation laser beam path should
be carefully designed to maintain fluence above this thresh-
old for efficient ion trap loading.
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Fig. 5 Ion trap experiment setup (top view, schematic, not to scale).
The four rods of the trap are shown with rods protruding into the page;
endcaps are omitted from the illustration. The trap, ablation target, and
CEM are housed in a stainless steel vacuum chamber at about 10−7 torr
(pressure limited by chamber design and vacuum preparation, not the
ablation process). Pulses from a nitrogen laser are incident on the tar-
get to produce ions by laser ablation; the target is connected to ground.
Trapped ions are detected by either the CEM (following release from
the trap) or by imaging ion fluorescence. Light near 493.5 nm and
649.9 nm traverses the trap (above the target) to drive the 2S1/2↔ 2P1/2
and 2D3/2 ↔ 2P1/2 transitions in trapped Ba+, respectively. Fluores-
cence from the trapped ions is imaged using lenses I1 and I2 onto a
camera. The inset in the lower right shows a false-color, background-
subtracted image of a trapped cloud of barium ions. CEM is channel-
tron electron multiplier; M1 is mirror in a piezo-actuated mount; NF
is notch filter centered at 494 nm; I1 is 1-inch diameter, f1 = 75 mm
plano-convex lens; I2 is 1-inch diameter, f2 = 250 mm plano-convex
lens. I1 is approximately f1 from the trap center; I2 is approximately
f2 from the camera; distance between I1 and I2 is approximately 30
mm.
3 Ion Trap Loading
Barium ions produced by laser ablation of a BaTiO3 target
are confined in a four-rod radiofrequency (rf) Paul trap. The
trap, chamber, and optical setup are shown schematically in
Fig. 5. The trap consists of four parallel stainless steel rods
with diameter of 1.6 mm and center-to-center spacing of 3.3
mm between adjacent rods (supported by macor spacers),
and tungsten wire loops at each end around two opposing
rods. A helical resonator is used to apply rf voltage to two
opposing rods at 11 MHz at a maximum amplitude of about
310 V, with the other two rods held at ground. The tungsten
wire loops serve as the endcaps, with a static 1 V applied
to each, and an axial separation of 15 mm. The ablation tar-
get is located about 2.5 mm axially from the trap center, is
nearly flush with the outer edge of the rods, and is connected
to ground. Here, we choose BaTiO3 as the ablation target be-
cause of the higher ion yield measured previously (Fig. 3),
and because it is less brittle than the aged BaO sample.
The amplitude of the rf voltage at the output of the he-
lical resonator and applied to the trap electrodes is deter-
mined by monitoring the voltage capacitively-coupled onto
the endcap vacuum feedthrough pin. First, a small rf cali-
bration signal with known amplitude, directly produced by a
signal generator and measured on an oscilloscope, is applied
to the vacuum feedthrough pin for the trap rf electrodes.
This calibration signal is varied in amplitude and frequency
to confirm the capacitively-coupled voltage at the endcap
feedthrough pin is related by a constant scale factor in this
range. Then this scale factor, and the voltage measured at the
endcap pin, is used to determine the rf amplitude produced
by the helical resonator at the trap electrodes. Here we as-
sume the rf voltage at the vacuum feedthrough is equal to
the rf voltage on the electrodes.
We measure the relative fraction of ions trapped as a
function of the applied rf voltage, with the results shown in
Fig. 6. The experiment sequence is controlled by an FPGA
board (Terasic, DE0-Nano). The sequence consists of switch-
ing off the rf voltage for 1 ms, triggering the N2 laser and
switching on the rf voltage, holding the trapped ions for a
variable length of time (here, 10 ms), and then switching off
the rf voltage to detect the ions with the CEM. The 493.5
nm and 649.9 nm light shown in Fig. 5 was not present for
this set of measurements. As expected, the results shown in
Fig. 6 indicate that the number of trapped ions decreases
as the rf voltage (and thus the trap depth) approaches zero.
However, the relative fraction of ions trapped appears to
plateau above an rf amplitude of about 175 V, which for
an ideal linear quadrupole trap corresponds to a transverse
trap depth of about 0.5 eV [45]. We conclude that above this
voltage the transverse trap depth no longer limits the loading
efficiency, which may indicate that the transverse trap depth
is greater the average energy of the ablated ions. However,
given the dynamics of both laser ablation and the trap load-
ing procedure, more detailed analysis would be required to
eliminate all other possible limiting factors [32].
The absolute number of ions is roughly estimated by
comparing the integrated area of the CEM signal produced
by a group of detected ions to that of a single detected ion.
Assuming a detection efficiency of 1-10% [46,47], we roughly
estimate the average total number of ions produced by a sin-
gle ablation pulse as 104 to 105, and the average total num-
ber of ions trapped as 103 to 104 (rf amplitude at 215 V).
This estimate for the number of ions produced by ablation
should apply to Sec. 2 as well, though the configuration of
the TOF mass spectrometer also limits the number of ions
reaching the detector.
We also observe a trapped barium ion cloud produced
by laser ablation by directly imaging onto a camera the laser
fluorescence from the ions, with an image shown as an in-
set in Fig. 5. The 493.5 nm light used to drive the 2S1/2
to 2P1/2 transition is produced by a custom extended-cavity
diode laser (ECDL; design similar to [48]) operating near
987.1 nm that is frequency-doubled using a custom second-
harmonic generation cavity (design similar to [49,50]) with
a BiBO crystal. Light near 649.9 nm, used to drive the 2D3/2
to 2P1/2 transition, is directly produced by another custom
ECDL. The optogalvanic signal from a commercial, single-
ended, barium hollow cathode lamp (Perkin-Elmer, N2025305)
is used as a frequency reference for each laser. A simple
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Fig. 6 Relative fraction of trapped ions versus rf voltage. At each
rf voltage, 3 scans are recorded to determine the average fraction of
trapped ions with respect to the largest trapped fraction (at 231 V),
where a scan consists of an average of 10 trap loading sequences, with
the location of the ablation pulse swept across a 5x2 location grid;
error bars represent the standard deviation of the average relative frac-
tion of trapped ions in these scans. The rf voltage is determined by the
method detailed in the text; error bars represent a conservative estimate
of the uncertainty in this measurement to account for possible varia-
tion in helical resonator quality factor. Notably, the relative fraction of
trapped ions plateaus above an rf voltage around 175 V. Trapping is
also parametrized in the top axis in terms of the Mathieu parameter
qx [45] for barium ions.
imaging system composed of two singlet lenses (I1, focal
length f1 = 75 mm; I2, focal length f2 = 250 mm) and a
notch filter (Semrock, FF01-494/20-25) is used to image
fluorescence from trapped ions onto a camera (PointGrey,
FL3-U3-13S2M-CS) with an integration time of about 333
ms, where I1 is positioned approximately f1 from the ion
cloud and I2 is positioned approximately f2 from the cam-
era sensor (the distance between I1 and I2 is about 30 mm).
The resulting image of the trapped ion cloud confirms the
production of barium ions by laser ablation, and the appli-
cability of this loading method for experiments with trapped
ions.
4 Conclusion
Laser ablation is a useful technique for directly producing
atomic ions for trapped ion experiments. Using a pulsed ni-
trogen laser, we produced Ba, Ca, Dy, Er, La, Lu, and Yb
ions, and compared the relative ion yield for each. Here, re-
liable production of Ba ions appears to require using sub-
strates other than pure barium, with consistent ion produc-
tion demonstrated with BaO and BaTiO3 targets, and suf-
ficient pulsed laser fluence. We also demonstrated loading
of an rf quadrupole trap using laser ablation, and the rela-
tive loading efficiency as a function of the rf voltage. Our
results show that laser ablation may be successfully em-
ployed in future trapped ion experiments that may require
or benefit from this alternative trap loading method. Addi-
tional improvements may be gained by further characteriz-
ing the ablation process (including investigating the ablation
plume [51]), increasing the resolution of the mass spectrom-
eter [52,29,53], and using resonant laser ablation [31].
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